Synchronous Quantum Memories with Time-symmetric Pulses 
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We propose a dynamical approach to quantum memories using a synchronous oscillator-cavity 
model, in which the coupling is shaped in time to provide the optimum interface to a symmetric 
input pulse. This overcomes the known difficulties of achieving high quantum input-output fidelity 
with storage times long compared to the input signal duration. Our generic model is applicable 
to any linear storage medium ranging from a superconducting device to an atomic medium. We 
show that with temporal modulation of coupling and/or detuning, it is possible to mode-match to 
time-symmetric pulses that have identical pulse shapes on input and output. 



Quantum memories (QM) are key devices both for 
quantum information and fundamental tests of quantum 
mechanics. A QM will write, store then retrieve a quan- 
tum state after an arbitrary length of time. QM devices 
are considered vital for the implementation of quantum 
networks, quantum cryptography and quantum comput- 
ing. At a more fundamental level, they could enable one 
to generate an entangled quantum state in one device, 
then test its decoherence properties in a different loca- 
tion. This would allow one to test the equivalence of 
the quantum state description for more than one physi- 
cal environment. For example, there are proposals that 
gravitational decoherence may occur beyond the stan- 
dard model of quantum measurement theory [ij. This 
would be testable with controlled ways to input, store, 
then readout a quantum state in differing environments. 

The benchmarks for a QM are storage time and input- 
output fidelity. The memory time T must be longer than 
the duration T/ of the input signal: T > Tj. Otherwise, 
the memory is more like a phase-shifter than a memory. 
The final quantum state must also be a close replica of the 
original. In quantitative terms, the mean state overlap 
[3| between the intended and achieved quantum states 
(the mean fidelity F) must satisfy F > Fc- Here Fc is 
the best mean fidelity obtainable with a classical measure 
and regenerate strategy Q. Further to this, an ideal QM 
protocol must enable numerous sequential quantum logic 
operations to be performed, meaning many input-output 
"quantum states", carried on ingoing and outgoing pulse 
waveforms. This means that the output pulse envelope 
should be identical to that of the input. 

In this paper we propose a new QM protocol (Fig. [1]), 
satisfying all of these constraints, in which the "state" 
is stored in a dynamically switched cavity-oscillator sys- 
tem. The cavity acts as an input-output buffer which 
synchronously mode-matches the external input pulse to 
a long-lived internal quantum linear oscillator. We de- 
rive a condition on the time-dependence of the oscillator- 
cavity coupling required to match to any external pulse- 
shape, including time-symmetric pulses. This contrasts 
with previous work, in which the coupling was a step 
functional, resulting in non-symmetric pulses having dif- 



ferent shapes on input and output 

An essential feature of our treatment is that we show 
how a smooth, time-symmetric sech-pulse can be stored 
for times longer than Tj, and recalled with high quan- 
tum fidelity. This means that the output pulse-shape 
replicates the input pulse. Hence, this type of quantum 
logic can be cascaded, with interchangeable inputs and 
outputs. This is a vital feature of all logic devices. Impor- 
tantly, we do not use a slowly-varying pulse approxima- 
tion [a, 0, 0, H, 0, , as was required in earlier proposals. 
This is essential, to allow the use of fast pulses which can 
be stored for times much longer than the pulse-duration. 

Our theoretical calculations are carried out with sim- 
ple non-saturating linear oscillator models that are an- 
alytically soluble. Crucially, this allows us to calculate 
pulse-shapes that are dynamically matched in time to 
the cavity-oscillator system. This strategy can be com- 
bined with a variety of other technolo gies . These include 
quantum nondemolition (QND) [ill, lid. llF 
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inhomogeneous broad- 
superconducting 
231 , magnetic con- 
^ ^ nanomechanical oscil- 
lator storage 31 , S^l , and even intra-cavity BEC devices 
[s^l- This opens some exciting experimental possibilities, 
including comparisons of fidelity in QM devices with dif- 
ferent effective masses, as a fundamental test of decoher- 
ence in quantum mechanics. 

Previous QM experiments were frequently limited by 
relatively short storage times js^j . Other demonstrations 
focus on retrieval efficiency at very high photon number 
[sH i. However, these usually have a very low fidelity, since 
the fidelity at a fixed efficiency decreases exponentially 
with photon number. As a rule, previous proposals either 
ignore fidelity, or use criteria only applicable to special 
known states, like coherent or squeezed states [34, 36, 3,i]. 
It is more useful in both applications and fundamental 
tests to allow for arbitrary input states. Our analysis is 
not restricted to any class of states, except for an upper 
bound on the input photon number. 

Model. The quantum information in a temporal mode 
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Figure 1: (Color online) Proposed dynamical atom-cavity 
QM. The cavity couples to only one ingoing and outgoing 
mode, Uq" s^nd Uq"*, and it is the quantum state of this mode 
that is stored. The pulse shape is optimized for efficient 
writing and reading of the state onto and from the oscilla- 
tor medium inside the cavity. A symmetric pulse shape is 
used, so the time-reversed output is identical to the input. 



of the propagating single transverse-mode operator field 
A™ (t) is first transferred to an internal cavity mode with 
operator d(t), then written into the oscillator or memory 
with mode operator b{t) up to time t = 0. Subsequently, 
the interaction is turned off or detuned for a controllable 
storage time T. The interaction is switched on again af- 
ter time T, allowing readout into an outgoing quantum 
field at t>T (Fig. [1]). We treat quantum infor- 

mation encoded into single propagating modes that are 
temporally and spatially mode-matched to the memory 
device 38, 3^. Here the relevant input and output mode 
operators are a°"*^'"^ = / where 

out{in) I 



{t) is understood to represent the output (input) 
temporal mode shape. 

We use the positive P-representation [iOl, in which 
all operators ^o^'C™) ^ ^ g^j-g formally replaced 

by c-numbers Oq"*^™^ a, h. Using input-output 

theory [ill, the resulting dynamical equations are: 
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Here k is the cavity damping (assumed fixed), with 
detuning 5{t). The internal cavity-oscillator coupling is 
g{t) (assumed variable), while the damping and detun- 
ing of the oscillator are 7, A(t) respectively, with an os- 
cillator reservoir B™ . These equations can be applied 
to a range of experiments ranging from solid-state crys- 
tals or cold atoms to superconducting cavities or nano- 
oscillators. The completeness of the representation al- 
lows us to treat any quantum state or memory protocol. 
Since the equations are linear, the overall time-delayed 
input-output relationship must be given by: 



voirs are assumed here to be in the vacuum state, without 
excess phase or thermal noise. 

Hence, we can solve Eq ([T]) to obtain y/rjli = a""*/'*™ 
by integrating over the positive-P output field A°^* . This 
is valid since corresponds to a bosonic operator which 
only acts on a zero-temperature reservoir, and is therefore 
equal to zero for the vacuum state in the positive P- 
representation. 

We will analyse the mode-matching conditions for two 
different dynamical models with fixed cavity damping k. 
In order to obtain dynamical mode-matching we require 
an outgoing vacuum state for t < T. In the positive P- 
representation this translates to the simple requirement 
that = V2^a - A"' = 0, so that A"' = ^/2ka. 

The two models use strategies of either variable coupling 
or variable detuning to switch on and off the couping 
between the oscillator and the intra-cavity field. For 
simplicity, we treat the case of zero internal damping 
(7T << 1) in the equations, while still including oscilla- 
tor damping in the graphs to demonstrate that this effect 
can be made small if necessary. With no loss of general- 
ity, we consider units for which k = 1. 




Figure 2: (Color online) Case 1: Cavity input (dashed) and 
output amplitudes (solid). The dotted line gives the oscilla- 
tor amplitude. The dashed-dotted cyan line represents the 
coupling shape in time git). Here to ~ —5, T = 5, ao = 1. 

1. Variable coupling (A, (5 = 0). In this approach, 
we propose that the cavity decay is fixed, and that g{t), 
the interaction of the cavity field with the linear medium, 
is switched. During the input stage, the relation A™ ~ 
^/2fia means that a{t) is predetermined for any desired 
mode-shape A™(t). This gives an expression for g(t) , 
since from Eq ([1]), with 7 — > 0, one has g{t) = —b/a. 
Hence: 



gb]/a = d/a+{b^)/{2a^) = 1, 



(3) 



(2) 

Here an amplitude retrieval efficiency r]i\i is introduced 
for the time-delayed read-out, and represents the over- 
all effects of the loss reservoirs. For simplicity, all reser- 



In order to realize a time-symmetric input mode with 
a = aosech{t — to), from Eq ^ we see that the inter- 
nal field amplitude must be 6 = aoe*^*''sec/i(< — to). 
The optimal shape of the cavity-oscillator coupling in 
time is therefore g(t) = —b/a = —sech{t — to). This 
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is independent of the amplitude Oq which encodes the 
quantum information. Here the coupUng is synchronized 
to to, which is the pulse arrival time. The quantum 
memory readout is obtained simply by time-reversal af- 
ter half the memory storage time has elapsed, so that 
g{t) = g{T — t). The resulting output mode is also time- 
reversed and is unchanged apart from being inverted: 
j^out _ —y/2aosech{T + to — t). A typical result is shown 
in Fig. [21 from integrating Eq ([l]). 




Figure 3: (Color online) Case 2: Cavity input (dashed) and 
output amplitudes (solid). Other lines and parameters as in 
Fig (2). The inset gives the detuning shapes in time: A{t) 
and 6{t). 

2. Variable detuning. In this approach, the cou- 
pling is changed by varying the detunings A{t) and S{t). 
We consider the simplest case with g = k = 1 and a 
symmetric pulse a = aosech{t — to)- To give a vacuum 
output during the writing phase we must have: 



A = i{b + a)/b 
S = i{a — a — b)/a 



(4) 



We suppose that b = bi + ib-z, so that 6 = i(a — a — 
bi)/a + b2/a, A = + 0)63 - kbij/M^ + + 
a)bi + 62&2]/|6p. Since /m(A) Im{6) = 0, we find 
that 61 = (a — a) = — aoe*^*°secft,^(t — to), and hence 
that 62 = aoe*^*° sech{t — to)tanh{t — to). Finally, to 
realize symmetric input and output pulse shapes, we 
obtain from Eq ([4]) the required detunings of: A = 
e~^*~^°hanh(t - to) + sech{t - to), S = e*'~'^°tanh{t - to). 

After a controllable storage time, the interaction is 
switched back by time reversal of the detunings, so that 
5' —5 and A' — * —A. The readout is obtained as 
before, as shown in Fig. [3l 

Memory Fidelity. Coherent states have proved use- 
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ful in quantum applications such as teleportation 
quantum state transfer from light onto atoms 
is well known that = (1 + n)/(2rl -1-1) serves as a 
benchmark for a QM with a gaussian ensemble of co- 
herent states [3, |3| having a mean photon number 
n. For our beam-splitter solution Eq. ([2]), the output 
for this protocol is Pout{oc) = \\/VMOi) {-Jtimcx], and the 



mean fidelity is Fn = 1/[1 + n(l — ^/tim)'^]- These fi- 
delities may correspond to quite high efficiencies, since 
77m > [l-yjl/{n + l)f is needed for a QM. With n = 20, 
QM should be achieved for rjM > 0.61, provided there is 
no other decoherence. 

For many quantum information applications, a larger 
class of possible quantum inputs is needed. In the most 
general case, we can define the input state as any state 
with a photon number bounded by Um- This corresponds 



to an arbitrary state 



of 1 



levels. Fn^ is then 



the average fidelity over all possible coefficients satisfying 



the constraint that 



1. The fidelity limit for (imper- 



fect) multiple cloning of an arbitrary 1 



is F^^ < 2/{n„, + 2) (45| 



TO level state 
46l |. Since a classical memory 
can clearly generate any number of copies of a quantum 
state, it must be constrained by this fidelity bound also. 

We can now calculate the fidelity in the case of rim = 1 
and n,n = 2, which allows for arbitrary states with up to 
1 and 2 photons respectively. After tracing over the reser- 
voir modes, we obtain the predicted memory fidelities in 
our beam-splitter model of 0|: 

Vm + 2V??M + 3 



F, = 



F2 



6 

r]lj + 2riMy/r]M + ^Vm + 2y/rfJJ + 4 
12 



(5) 



An arbitrary quantum state fidelity measure gives a 
better indication of the power of a QM than a measure 
constrained to the coherent states. For example, any 
storage device with rjM > 0.23 can potentially be a quan- 
tum memory for arbitrary states with up to 2 photons. 
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Figure 4: (Color online) Case 1 with losses: Cavity input 
(dashed) and output amplitudes (solid) with various loss ra- 
tios during the storage time: 7/K = 0, 0.0125, 0.05. Other 
lines and parameters as in Fig (2). 

Oscillator Loss: Figure [4] shows the typical input- 
output relation for various loss ratios during a storage 
time of duration T = 5. For j/k = 0, y/rjM = 1, for 
7/k = 0.0125, we find an efficiency of y^rjM = 0.84, while 
for j/k = 0.05, we obtain y^rjM = 0.50. Here we have 
numerically integrated Eq ([1]) and used the integral of 
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the mode overlap with the required sech mode function 
to obtain the value of y/rjM from Eq ([2]) . If 7 is larger, the 
oscillator lifetime is shorter, and the information stored 
in the medium decays more quickly. 

A long storage time T is consistent with high memory 
fidelity F, provided we use dynamical mode matching, 
and provided 7T ^ 1. For coherent input states hav- 
ing n = 20, with residual loss 7/k = 0.01, and storage 
times 5, 10, 15, 20, respectively, we find average fidelities 
F = 0.75, 0.63, 0.53, 0.44. All except for the last one are 
larger than the classical bound = 0.51 required for a 
quantum memory. For arbitrary input states of up to two 
photons, all these storage times give fidelities larger than 
the classical bound F2 = 0.5. Thus, for these parame- 
ters, we are able to predict the existence of a quantum 
memory with both high fidelity and relatively long mem- 
ory lifetime. 

In conclusion, we treat a general protocol for a syn- 
chronous quantum memory, using a cavity-oscillator 
model. We show that with temporal modulation of cou- 
pling and/or detuning, it is possible to mode-match to 
identical time-symmetric input and output pulses. Our 
definition of an acceptable quantum memory is based on 
two elementary criteria, long relative storage times and 
high quantum fidelity. This type of quantum memory 
device promises to satisfy both criteria. 
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